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ABSTRACT
IMPEDANCE ANALYSIS OF TISSUES IN NSPEF TREATMENT FOR CANCER THERAPY
Edwin Ayobami Oshin
Old Dominion University, 2020
Director: Dr. Chunqi Jiang

Nanosecond pulsed electric field (nsPEF) for cancer therapy is characterized by
applications of high voltage pulses with low pulsed energy to induce non-thermal effects on tissues
such as tumor ablation. It nonthermally treats tissues via electroporation. Electroporation is the
increase in permeabilization of a cell membrane due to the application of high pulsed electric field.
The objective of this study was to investigate the effect of nsPEF on tissue by monitoring the
tissue’s impedance in real-time. Potato slices (both untreated and electroporated), and tumors
extracted from female BALBc mice were studied. 100ns, 1-10kV pulses were applied to the tissues
using a four-pin electrode at a pulse repetition frequency of 3Hz. The impedance change during
the treatment was recorded by a custom made V-I monitor, and a network analyzer measured the
impedance before and after treatment over a frequency range of 100kHz to 30MHz. In addition,
system calibration was conducted to ensure the accuracy of the measurements. This includes
determination of the attenuation offered by the V-I monitor measured to be 60dB and the cell
constant K which represents the geometry of the four-pin electrode measured to be 0.8453𝑐𝑚−1
(±0.02cm). Results show that the impedance of tissue reduced with increasing number of pulses
and voltage applied, up to 44.4% and 22.3% decrease in the impedance of potato and tumor tissues
were respectively observed. Also, the impedance values were higher at lower frequencies
compared to those at higher frequencies. This is due to the high resistance of the membrane at low
frequencies.
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CHAPTER 1

INTRODUCTION

1.1

ORGANIZATION & CONTRIBUTION
This thesis explores the effect of nanosecond pulsed electric field (nsPEF) in the treatment

of biological tissues by assessing the impedance changes with respect to the number of pulses and
the applied electric field. Potato tissues were treated with 100ns, 1-80 pulses with electric field 15kV at a frequency of 3Hz. The breast tumors were treated with 100ns, 1000-1200 pulses with
electric field of 10kV, frequency 3Hz. The external field induces a transmembrane voltage,
charging up the membrane like a capacitor, which is thought to induce pores. The formation of the
pores is known as electroporation, which can be either reversible or irreversible. Impedance
analysis of the treated samples can be used to monitor the degree of electroporation induced.
This thesis is organized as follows. First, an introduction to the subject of concern was
done. This includes a comprehensive review of prior research works, a review of the history and
progress achieved so far in the field, and a description of the grey areas yet to be explored.
Secondly, the methodology for the study was discussed in detail. It explains the experimental
setup, system characterization, sample collection, and data collection. After the experimental setup
and methodology, the results of the experiment were presented. The system was carefully
characterized to make sure results were accurate. Voltage and current waveforms and the
impedance (real and imaginary) were measured and used to explain the effects of nsPEF on the
samples. The effects were assessed for different applied electric potential, pulse number, and
duration of pulses. Finally, the conclusions of the research were presented.
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1.2

BACKGROUND
Pulsed electric field (PEF) processing is a growing technological method in the area of

electromagnetics that shows at a lot of promise, especially for medical, environmental, and food
applications [1,2]. The treatment is based on the application of an electric voltage across a
biological material placed between two electrodes, forming an electric field that is dependent on
the amount of electric voltage applied, the shape of the electrodes and the gap between electrodes
[3]. PEF can be categorized into conventional PEF processing and nanosecond (nsPEF)
processing. In the conventional PEF, the applied electric field charges up the cell membrane and
causes pores to form temporarily, breaching the integrity of the membrane and allowing for foreign
molecules that would not be able to enter the cell in the absence of an applied electric field to enter
the cell. They are relatively long in the range of microseconds to milliseconds and with a low
electric field (about 1kV/cm). However, nsPEF can be orders of magnitude shorter in the
nanoseconds range and with a higher electric field (about 10-100 kV/cm) [4]. nsPEF is an
extension of the conventional PEF and has different effects on the cell. Conventional PEF has its
pronounced effect on the plasma membrane while nsPEF affects intracellular structures and
functions as the pulse duration is below the charging time of the plasma membrane [3].
Nevertheless, nsPEF has effects on the plasma membrane that are direct nonbiological effects as
well as secondary biological effects. While biological effects can be easily measured, the direct
electric field effects are harder to determine because they cannot be detected by fluorophores and
molecular probes are too large [5]. The effects of nsPEF can be measured on the plasma membrane
(integrity, potential), endoplasmic reticulum (calcium mobilization), mitochondria (respiration),
and nucleus (fluorescence changes, DNA damage, gene expression). Also, studies with tumors and
tissues show slowed tumor growth to tumor regression [6].
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One of the major questions that remains an actively investigated area is the cell-specific
effect of nsPEF. It is generally known that unlike conventional PEF, the nsPEF effects are not
dependent on the cell size, and also adherent cells have a higher threshold for nsPEF effects than
cultured cells. Both PEFs result in electroporation of the cell, increasing the mass transfer of
molecules and ions [1].
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CHAPTER 2

LITERATURE REVIEW AND THEORETICAL FRAMEWORK

2.1

ELECTROPORATION
Electroporation, also known as electropermeabilization is the application of short pulses of

a high external electric field to cells and tissues which creates nanoscale defects in the cell
membrane [7]. The external field induces a transmembrane voltage, charging up the membrane
like a capacitor, which is thought to induce pores. Electroporation has been studied for decades
and has been used in the laboratory and food industry, but not until recently has it been applied to
the field of interventional oncology.
2.1.1 HISTORY
The history of electroporation can be traced back to the middle of the eighteenth century
when Nollet, in 1754, reported the first systematic observation of the appearance of red spots on
human and animal skin that was exposed to electric sparks [8]. After this, interest in the effects of
electricity on the biological system increased, mainly focusing on how electric currents applied to
the spinal cord and muscle nerve preparations induced twitching and contraction [9]. In the
nineteenth century, the first description of the bacterial effect of IRE was reported, using high
voltage discharges to purify water; however, the mechanism behind the process was not
understood. In the twentieth century, reports were made for the application of electricity to
medicine. Not until the early 1900s was the phenomenon of electroporation characterized as
inducing increased permeabilization of the cell membrane and the thermal and nonthermal effects
of electricity on cells understood. Lee RC et al. distinguished the injuries due to the effect of
electrical burns from the nonthermal electrical injuries caused by lightning, which is now thought
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to be caused by electroporation [10]. In addition, two major discoveries were made in the early
twentieth century to further understand electroporation: 1) advances in the understanding of the
membrane as a dielectric structure by estimating the thickness of the membrane and assessing the
electrical properties of red blood cells and 2) knowledge that electricity can generate both thermal
and nonthermal biological effects [11]. During the second half of the twentieth century, the
principle of electroporation for permeabilizing the cell membrane was used primarily in studies
related to nerves and food sterilization. For example, Frankenhaeuser and Wid’en [12] in 1956,
and Stampfli and Willi [13] in 1957 reported that changes in nerves damaged by an electric field
can be explained by electrical conductivity. Stampfli and Huxley described the reversible and
irreversible effects of electroporation on a frog nerve membrane, assessing the effect of changing
the electrical pulse characteristics and measuring the consequent changes in the resistance, treating
the membrane as a capacitor [9].
Still, in the late 1900s, a lot of research was conducted on reversible electroporation as it
became a major technology in the medical and biological fields. In 1982, Neumann and colleagues
used pulsed electric fields to temporarily permeabilize the cell membrane, creating a pore that
allows the entrance of foreign substances into the cell [14]. This was done to induce cell fusion
known as electrofusion and to transfer DNA into the cell known as electrotransfer. Reversible
electroporation has long been established as a laboratory application for electrofusion and
electrotransfer. It is done by placing the cells or tissue between two electrodes. An example is the
plastic cuvettes with two aluminum electrodes on either side used for applying an electric field to
cell suspensions. The viral delivery of DNA can be avoided by using bacterial and eukaryotic cells
for DNA electrotransfer. While progress was being made to better understand electroporation, the
research on the bacterial effect of IRE done in 1898 progressed, and by the 1960s electrical pulses
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were commercially installed for non-thermal inactivation of bacteria. Sale and Hamilton
contributed to this by describing the nonthermal effect of electric pulses, the optimal pulse
variables needed to achieve this effect, and the underlying physiology responsible for the changes
and poration of the membrane [9].
In the following decade, many advances were made not only to better understand the
mechanism of electroporation but also to improve its efficiency and application methods. An
example of such advances was the use of the square wave electroporator that can give precise and
controlled adjustment of the amplitude and duration to be applied, giving optimal pulse parameters
[15]. Also, in this decade, a combinational effect of the electric field and chemotherapeutic drugs
such as bleomycin was done to improve drug delivery; this is referred to as electrochemotherapy
(ECT) [16,17]. This was also used with DNA, and it yielded a novel clinical application known as
gene electrotransfer (GET) [18].
Most of the advances made were in the reversible application of electroporation as
Irreversible electroporation was seen as an unwanted extreme because it caused cell death. In
recent years, reports show that IRE has a lot of advantages; not only did it cause cell death through
necrosis but also from apoptosis. It was in the late 1990s that it was first suggested that irreversible
electroporation can be useful as an ablation technique [19]. Nonthermal irreversible
electroporation (NTIRE) has immerged as a new medical procedure of electroporation technology
for the ablation of solid tumors.
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2.1.2 MECHANISM OF ELECTROPORATION
I.

Molecular Dynamics
As a consequence of the exposure of the membrane to an electric field, pores are created,

so there are many theoretical descriptions to explain the mechanism underlying the phenomenon,
some of which assume a certain kind of deformation of the lipid [20], a breakdown of interfaces
between the domains with different lipid compositions [21], or membrane protein denaturalization
[22], but none of these fully captures the mechanism. Electroporation is broadly chosen as the best
description of the formation of pores in the lipid bilayer. As a result of the exposure of the bilayer
to the electric field, a transmembrane voltage (TMV) is induced consisting of two components: 1)
resulting from the rearrangement of the lipid heads and the adjacent water molecule tails [23] and
2) resulting from the redistribution of charges and ions as they accumulate on both sides of the
bilayer, charging it as a capacitor [24]. The first component occurs within picoseconds and pulses
much shorter than 1 microsecond while the second component occurs for pulses far longer, only
reaching its upper level within microseconds [25].

8

Figure 1: The Stages of Formation and Closure of Lipid Bilayer Electrically Induced Pore [6].

The pores that are formed in the bilayer as a result of the applied electric field are very
small and have a radius of about several nanometers which is too small to be detected by optical
microscopy; they are also metastable, making them too fragile to withstand the sample preparation
required for electron microscopy of soft tissue, making it difficult to distinguish the pores from
artifacts [26]. In contrast, molecular dynamics (MD) simulation is able to show evidence of the
theory of pore formation (Figure 1). Over the last two decades, MD simulation has reached a level
of both computing power and methodology proficiency to explain the mechanism of
electroporation in silico. Therefore, MD simulations model the buildup of TMV induced by
exposing a bilayer to an electric field depending on the pulse duration. For the first TMV
component in the submicrosecond pulse duration, the TMV is generated by imposing an electric
field E across the membrane which in practice will be imposing a force equal to the product of E
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and the charge on every particle [27], while for the second component, lasting microseconds or
milliseconds, the TMV is generated by imposing a net charge difference on both sides of the
bilayer which in practice would be achieved by relocating several individual ions across the
membrane [28]. The little setback of the MD simulation is that its capacity is too low to capture
the billions of lipids in the membrane, so a smaller unit of hundreds to thousands is used with
carefully defined ensemble conditions and boundary conditions [29].
II.

Pore Formation and Resealing
As shown previously, electroporation entails the formation of pores in the cell membrane,

assuming that they are formed randomly at different locations and different sizes due to the
thermodynamics of the phospholipid molecules. The energy required to form a single pore of
radius r is given by the classical surface physical chemistry, treating the lipid bilayer as an
infinitely thin film without any internal structure [30]. This was derived from the work done by
Deryagin and Gutop on soap film stability in the 1960s [30].
∆Wp (r) = 2γπr − πr 2 Γ

(1)

where the first term is the product of the pore perimeter 2πr and the line tension of the pore edge
γ, which is the energy gained in the formation of the unit length of the pore boundary. This term
is dependent on the internal membrane properties (elastic parameters), determined by the chemical
structure of the membrane [31]. The second term is the product of the pore lumen area and the
lateral tension Γ (energy per area of a flat pore-free membrane) exerted. Therefore, the pore
formation energy for a single pore ∆Wp (r) is the difference between the energy gained in forming
the outer edge of the pore and the energy reduction due to the cut of the circular patch from the
membrane when the pore is formed. By definition, it is the activation energy barrier that must be
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overcome to create a hydrophobic pore in the absence of a transmembrane voltage [11]. Cells do
not self-rupture frequently because the activation energy barrier is very high, too high for the
membrane to reach in the absence of an external field. When the radius exceeds a critical value
(0.3 to 0.5nm), the activation barrier is exceeded and forms an aqueous pore which is how
electroporation is initiated. Water molecules penetrate the lipid bilayer, and the adjacent lipids
reorient their polar head group, pointing towards the water molecule, generating a stable
γ

hydrophilic pore. In addition, if the radius reaches a maximum critical level where r ∗ = Γ,
irreversible rupture of the membrane occurs known as irreversible electroporation (IRE) [32].
Pore formation is a stochastic process that occurs on a time scale of nano to microseconds
and depends on a variety of parameters to determine the degree to which the electroporation is
achieved. Some of the factors to consider are the duration of exposure to an external electric field,
the size and orientation of the cell with respect to the electric field, the type of the cell exposed
(cells with a wall such as plants and fungi will require extra induced voltage for poration), and the
properties of the medium surrounding the cells [26]. Resealing of the pore is also a stochastic
process but occurs over a much longer time compared to its formation. After the removal of the
external electric field, the pores begin to close, and it is independent of the electric field. The pore
closure is often completed within ten to hundreds of nanoseconds [33]. The resealing of the pores
is only applicable to reversible electroporation and not irreversible electroporation which will be
discussed in section 2.2
III.

Transmembrane Voltage
The principle of electroporation is based on the induction of transmembrane potential

(ITV) across a biological cell due to the application of PEF. For a regularly shaped cell (spherical),
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with a radius r, exposed to a homogenous electric field E, the transmembrane potential difference
as a function of time can be estimated by the equation
ITV = f. Eext . r. cosθ(1 − e−t/τm )

(2)

τm = r. Cm . (1⁄2σ + 1⁄σi )

(3)

e

where f is a dimensionless form factor and τm is the charging time constant of the membrane, both
of which can be expressed as a function of the electrical and geometrical properties of the cell [34]
(under physiological conditions, f ≈ 1.5 and τm ≈ 0.5 μs). Eext is the external electric field
strength as a function of time, θ is the polar angle with respect to the direction of the electric field,
and t is the treatment time (Figure 2). The extracellular conductivity is critical to inducing an
effect, and this influences the membrane charging time as shown in equation 3, where Cm is the
membrane capacitance per unit area, σe is the external conductivity, and σi is the internal
conductivity [35].
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Figure 2: Factors Affecting the Behavior of the Cell Exposed to External Electric Field [36].

For non-spherical cells and cells close to each other, the ITV cannot be derived analytically.
A more complex mathematical model will be required to estimate the pore size and determine
whether the pore is reversible or irreversible. An easier alternative is to determine the ITV
experimentally using a potentiometric dye [37].
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2.2
I.

RANGE OF EFFECTS CAUSED BY ELECTROPORATION
Reversible electroporation
The earliest reports of electroporation date as far back as over two centuries. In the

reversible electroporation (RE), the electric field is applied to the cell membrane causing a
transmembrane voltage to be induced, leading to the temporary formation of pores when the
threshold is exceeded and forming molecular transport channels. After the external field is
removed, the pore begins to close at a rate slower than the rate at which the pore was formed,
ceasing the transport of molecules and leaving the cell viable. RE is used mainly in molecular
biology, pores are created in the bilayer and specific molecules such as plasmids, dyes, drugs,
proteins, antibodies, and nucleic acids are ingested into the cell [38]. This is the principle used in
electrochemotherapy (ECT) and gene electrotransfer. In practice, relatively long pulses in the
range of micro to milliseconds and low electric fields of about 1KV/cm or less are sufficient
enough to produce the pores. Application of the external electric field can be done either by
bringing the cells in contact with the electrodes delivering the field, or the cells can be placed in
the field without contact with the electrode. In the latter, the ITV will only be a fraction of the
voltage delivered by the electrode [26].
II.

Irreversible Electroporation
Irreversible electroporation (IRE) involves the application of a very high electric field to

the cells. When the applied ITV exceeds a certain threshold, nanopores are formed, causing an
extensive transport of molecules, particularly intracellular content out of the cell through the pores.
The resealing of the pores is so slow that the nanopores become permanent resulting in death due
to the cell's inability to maintain homeostasis and eventual degradation of the cell [39]. Research
involving IRE did not start until recently, but it has become one of the major areas of interest,
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especially in medical research for tumor ablation. This has resulted in the development of
commercially available IRE consoles used specifically for tissue ablation [40,41]. IRE can induce
nonthermal cell death, and this is the primary motivation behind using it for tumor ablation. This
idea of applying IRE for tumor ablation was first introduced about a decade ago in theoretical work
done by Davalos RV et al., who used mathematical analysis to show that IRE can nonthermally
ablate tissue without any thermal effect as compared to the traditional thermal methods [41].
Although these two ranges of electroporation (RE and IRE) partly overlap, they differ in
their effects on cells. They depend on the duration of exposure and the applied field to cause a
critical defect size in the membrane. The formation of a critical defect is dependent on the local
mechanical stress, the membrane edge energy, the type of cell, the size, age and morphology, and
the nature of the applied electric field (Figure 3). The nature of the electric field can vary by
changing the frequency, amplitude, number of electrodes, number of pulses, and duration of the
pulse [7].
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Figure 3: Graph Showing Cell Membrane Permeability and Viability [42].

2.3
I.

APPLICATION OF ELECTROPORATION IN MEDICINE
Electrochemotherapy
Electrochemotherapy (ECT) has become a well-known treatment procedure in the medical

field for local treatments in oncology [43]. Over 3000 patients, including both human and
veterinary, have been treated with this application in the European Union [44]. Mir et al. in 1991
published the first work to demonstrate the safety, feasibility, and effectiveness of ECT [16]. This
triggered many other groups in the U.S. to perform further studies [45, 46, 47]. ECT is based on
the combinational effect of the aforementioned properties of reversible electroporation and
chemotherapeutic agents. It uses electroporation for the delivery of non-permeant
chemotherapeutic drugs into the cells, aiding their transmembrane transport leading to increased
cytotoxicity of the cell. Basically, for ECT treatment to be administered to a patient, the patient
first gets an intravenous or intratumoral administration of the anticancer drug. Some drugs
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identified as most suitable for clinical testing are bleomycin by Mir et al. [18, 45] and cisplatin by
Sersa et al. [48]. The drug is allowed to be evenly distributed over the vascular system and
extracellular space of the tissue. Then electrodes are placed around or inside of the tissue to deliver
electric pulses to the tissue, causing the creation of pores in the membrane, and thereby enabling
the diffusion of the non-permeant anticancer drugs in the extracellular space into the cell. After
removal of the external electric field, the membrane permeability will take a few seconds to
minutes to return to its original state. The chemotherapeutic drugs in the intracellular space of the
cell damage the cell, and bleomycin will cause multiple DNA breaks while cisplatin will cause
intra and inter-strand DNA bonds [18, 49].
A lot of research has shown that there are several mechanisms that contribute to the overall
efficiency of ECT besides the basic mechanism of increased membrane permeability. One is
reduced blood flow, resulting in a vascular disruption effect of ECT [50]. Another effect is the
release of tumor antigens which are exposed to the patient's immune system and trigger a tumor
antigen directed immune response [51]. The effectiveness of this application has been shown in
different tumor models, some resulting in complete regression and others in partial regression [52].
In 2013, an overall data analysis and systematic review of all the studies published through 2012
was done, and it was confirmed that ECT treatment has significantly higher effectiveness (about
50%) than just the chemotherapeutic injection. ECT resulted in the effectiveness of 84.1%
objective response (this includes both complete and partial regression) and 59.4% complete
response (indicates complete regression) after a single treatment [53]. Multiple treatments can
increase the effectiveness of the application.
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II.

Gene Electrotransfer
Another application of electroporation in medicine is gene electrotransfer (GET) to cells

and tissues for gene therapy and vaccination. It appears as a complex and multistep process which
requires: (i) electropermeabilization of the plasma membrane, (ii) electrophoretic migration of the
DNA towards the membrane, (iii) DNA/membrane interaction, (iv) DNA translocation across the
membrane, (v) intracellular migration of DNA through dense cell cytoplasm and, finally, (vi) DNA
passage through the nuclear envelope and (vii) gene expression [42, 54, 55]. GET has been mainly
used for DNA vaccination against cancer, infections, arthritis, multiple sclerosis, inflammation,
and in regenerative medicine to genetically modify cells [42, 56, 57]. A lot of research has been
done on the skin by Titomirov et al. [58], the liver by Heller R et al. [59], muscles and tumor tissue
by Rols MP et al. [60], and many other targets including the brain, arteries, prostate, and kidney
[56, 57], though efficiency varies with the different tissues.
In cancer treatment, GET works by delivering immunomodulatory genes, such as IL-12,
IL-2, IL-15, and GM-CSF to target tumor vasculature, including vasostatin, endostatin and
vascular endothelial growth factors (VEGF) which reduce or stops the supply of blood to the tumor
[61, 62]. The effectiveness and safety of this application was demonstrated first by Daud et al. [63]
who showed that IL-12 GET on cutaneous melanoma in humans was efficient in inducing tumor
necrosis. Secondly, Spanggaard I et al. [64] demonstrated that intratumoral GET of plasmid AMEP
with cutaneous melanoma metastasis showed safety in transfection and effectiveness of the
molecules.
III.

Transdermal Drug Delivery
Transdermal drug delivery has the potential to introduce drugs that cannot be administered

intravenously or orally and overcomes the disadvantages of the other methods. The skin is made

18
up of several layers: the stratum corneum, viable epidermis, dermis, and subcutaneous tissue
(hypodermis). These layers, especially the stratum corneum (the outermost layer of the skin) limits
transdermal delivery. The stratum corneum has resistance orders of magnitude higher than deeper
tissues. Therefore, overcoming this barrier needs to be achieved, with one of the methods being
electroporation [65]. Upon the application of a high electric field across the skin, pores are formed
across the stratum corneum, thereby rapidly reducing resistance and enhancing the delivery of
drugs. The electroporation also causes electrophoresis of the skin. This is the movement of charged
particles under the influence of the applied electric field [65]. The direct current from the applied
electric field provides an electrophoretic force for the delivery of molecules across the corneum.
The parameters that control the degree of skin permeabilization and transportation of drugs are the
amount of electric field applied, pulse duration, pulse shape, and the number of pulses [66]. Care
must be taken in selecting these electric pulse parameters and the electrodes used in order to
prevent skin damage and pain. Although transdermal drug delivery is very effective and safe, it
must be emphasized that it has poor reproducibility in the delivery of drugs [26].
IV.

Non-thermal Tissue Ablation
Non-thermal tissue ablation employs the mechanism of IRE cell death. It is a minimally

invasive surgical procedure in which the external pulsed electric field is applied to the tissue to
cause irreversible damage to the cells by causing irreversible pores in the membrane. It is important
to state that the phrasing ‘non-thermal’ does not mean the complete absence of thermal effects;
rather, the effect can be controlled and kept to a minimum, thereby limiting thermal damage to
vital structures surrounding the target tissue. Joule heating is the rise in temperature that occurs as
a result of the current flowing through a conductor and is a function of the strength and time of the
applied electric field, so it is inevitable. However, the proper application of non-thermal IRE
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(NTIRE) treatment can maintain a sufficiently low temperature and prevent thermal damage to the
surrounding structure [67]. One of the unique properties of NTIRE is its ability to preserve tissue
architecture while sparing the tissue scaffold, large blood vessels [68, 69].
Davalos et al. in 2005 used mathematical modeling to predict that NTIRE can nonthermally
ablate a clinically relevant volume of tissue [41]. This was further proven by experiments done in
cell cultures [70], small animal models [71], large animal models [72], and recently in humans
[73]. It is important to note that the effect varies for the different models and the treated organs.
Treatment of pancreatic and prostate cancer showed 100% success; in the liver, it varied between
50 to 98.1%, while no treated lung tumors have been successfully ablated [26]. The exact
mechanism of cell death induced by NTIRE is not known. Numerous studies have been done to
investigate the mechanism of cell death, some by examining the histological morphology and
staining [44] and some by transmission and electron microscopy, but they do not sufficiently give
accurate proof as to the exact mechanism [74]. A general conclusion made is that it is a
combination of several mechanisms including cellular necrosis [44], long term secondary
apoptosis [74, 75], and a number of possible tertiary effects such as immune activation [76]. In
general, both in vivo and in vitro experiments have shown that the mechanism of cell death induced
by IRE is independent of the thermal effect generated from the pulsing [41, 44, 77].
2.4

ELECTROPORATION DETECTION MECHANISMS

2.4.1 IMPEDANCE MEASUREMENT
The structural integrity of tissue can be determined by the tissue's electrical impedance. It
has been widely used to access the tissue condition in vitro, in vivo, and ex vivo [78-80]. Some
work has been done on normal prostate tissue and malignant prostate cancer by Halter et al. [81],
on malignant breast tissue by Kerner et al. [82], and on yeast cells by Soley et al. [80]. The
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impedance spectrum of tissue is measured over a range of frequency points within a specific
frequency band, and it gives information about the characteristics and integrity of the tissue or cell.
An electrode, either two-electrode or four-electrode method is used to inject constant sinusoidal
current (I) into the object under test, inducing a potential (V). In the four-electrode method, an
alternating current is injected through two electrodes, and the ac potential is induced across the
other two electrodes. The impedance is estimated by dividing the induced voltage by the current.
Different tissues have different electrical properties determined by the distribution of ions
around the membrane, the tissue structure, and composition. Impedance measurement is used to
better understand the properties of tissues, giving information about the effect of the pulsed electric
field in electroporation of the membrane. On application of the external electric field,
electroporation causes an immediate decrease in tissue impedance which can be used to monitor
the outcome. Electroporation leads to a dielectric breakdown in the membrane causing structural
reorganization of cell membranes and intracellular molecules. In this approach, the current
generated by the electrode in contact with the tissue provides direct information about the change
in impedance before and after the electroporation [83]. It is possible to monitor the changes in near
real-time. The electrical impedance of a volume of tissue is utilized to give information about the
cell population and how electroporation affects the cell membrane resistivity. Measurement of
both the real Z’ (resistance) and imaginary Z’’ (capacitive reactance) part of the electrical
impedance can be used to investigate the efficacy and damage to the cell membrane. In addition,
electrical impedance tomography (EIT), magnetic resonance electrical impedance tomography
(MREIT), and current density imaging (CDI) work based on this principle [84].
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2.5

LIMITATIONS OF EXISTING STUDIES
A lot of improvements have been made in understanding electroporation, but some things

remain unknown:
1) There is limited knowledge about how to set specific parameters for specific tissues and
tumors. Improvements are being made in simulation to aid IRE ablation planning, but no
sufficient results exist yet [43].
2) The underlying mechanism remains a subject of debate. Results from research done ex vivo
and on animals shows that IRE can cause a substantial increase in temperature in the
targeted tissue, and this has raised a lot of questions as to whether the poration of the
membrane is responsible for the effect of IRE or the temperature rise [41, 44, 45].
3) Little knowledge is known about how the decreasing pulse duration results in a decreased
effect on the cell membrane structure and function and increased effect in the intracellular
environment [6].
4) The exact cell parameters that determine the efficiency of electroporation and how these
parameters can be exploited for tumor treatment is not known [11].
5) Research shows that the resealing of pores occurs in several stages with time constants
ranging from microseconds to tens of seconds, but none of the existing theories,
experiments, or even molecular dynamics simulation in its simplified version can cover
timescales that extensively [26, 46].
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CHAPTER 3

METHODOLOGY

3.1

EXPERIMENTAL SETUP

Figure 4: Schematic Presentation of the Experimental Setup.

For the ablation of samples, pulses were delivered to the sample using the four-needle
electrode array of 7 x 5mm spacing. There is a 7mm gap between the anode and the cathode pins
and 5mm between the two anode pins and two cathode pins. Potato slices having a thickness of
1.5cm were first examined. Potato tissue is a model commonly studied for electroporation because
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on application of the electric field, the electroporated area becomes dark, making it easy to define
the ablated area [85]. Then, breast tumors having a size of about 8-10mm in diameter and average
volume of 250-300mm3 were also examined for this study. Pulse parameters of duration 100ns,
frequency 3Hz, pulse number 1000 and pulsed electric field between 1kV - 10kV were applied,
depending on the experimental design (Figure 4).
3.2

MATERIALS AND INSTRUMENTS
Oscilloscope Model Waverunner 64Xi (LeCroy 600MHz), an E5071C Network analyzer

(ENA series) model Agilent technologies, a laptop computer Lenovo ThinkPad core i7, a custom
made switch, a voltage-current box, a Tektronix P6015A voltage probe, a four-needle electrode,
and a custom made blumline 100ns pulsar were used.
3.3

ELECTRODE CONFIGURATION
A four-needle electrode arranged in an array of 7mm x 5mm spacing is used. The electrode

was first drawn in inventor, the necessary dimensions for the needle holes, needle length
adjustment, electrode height, and wiring system were carefully done. The inventor drawing helped
save time when the machining was done in the machine shop. The electrode was made from four
stainless steel needles of diameter 0.5mm held together by a solid teflon tube of diameter 25mm.
Teflon was used to help prevent breakdown between the needles. In the standard configuration,
the pins had an upright configuration. The needles were partially covered with
polytetrafluoroethylene tubes to prevent surface flashover during the treatment and to prevent them
from bending. The 5mm exposed area of the needle is the part inserted in the sample during
measurement and treatment. Low resistive flexible copper wires (20AWG 150C 30KVDC) of
equal length were used to connect the electrode to the system. A hollow teflon tube is attached to
the electrode to allow for easy handling as shown in Figure 5.
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Figure 5: Four-Pin Electrode Used for Treatment.

3.4

MICE AND TUMOR MODEL
Female BALBc mice (6–8 weeks of age) were purchased from Jackson Laboratory. Mice

were injected with 1×106 4T1-luc cells in 50μL Dulbecco’s phosphate buffered saline (DPBS) on
the left flank. The size of the primary tumor was assessed by digital calipers twice a week. Tumor
volume was determined using the following formula: V=πab2/6, where (a) is the longest diameter
and (b) is the shortest diameter perpendicular to (a). Mice were euthanized at the end of the followup period, and the tumors were excised. All experimental protocols were approved by Old
Dominion University Institutional Biosafety Committee (IBC) and Institutional Animal Care and
Use Committee (IACUC). All experiments were performed in accordance with relevant guidelines
and regulations.
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3.5

IMPEDANCE AND CURRENT-VOLTAGE MEASUREMENT
The experimental setup for the impedance and current-voltage measurement is shown in

Figure 4. High voltage square wave pulses were generated by a blumline pulsar. The impedance,
amplitude |z| and phase angle φ before and after pulsing the sample were measured using a network
analyzer (E5071C ENA Series, Agilent Technologies). Adequate calibration was done before
taking any measurements to ensure the accuracy of the data. This is discussed in detail in section
3.9. For all the samples, the four-pin electrode connected to the network analyzer (NA) via a
custom made switch was inserted in the tissue, and the impedance was measured. At room
temperature, the samples (potato and breast tumor) were placed on a grounded platform, and the
pins of the electrode were inserted into the sample. Only the exposed 5mm length of the pins was
inserted, and care was taken to ensure the pins did not bend and were parallel to each other. The
tissue electrical impedance was scanned over a frequency range of 100kHz to 30MHz, displayed
as Real (resistive component) and Imaginary (capacitive reactance component). Without making
changes to the system, the custom made switch is flipped to connect the electrode to the high
voltage square wave pulser to apply the pulses to the tissues. 100ns, 1-5kV pulses were applied to
the tissue at a pulse repetition frequency of 3Hz. The pulsed voltage and current were recorded
during treatment using a customized V-I monitor connected to an oscilloscope (LeCroy
waveRunner 64Xi, 600MHz 10GS/s).
To conduct phase two measurements, we needed to create a V-I monitor to monitor the
voltage and current. The monitor was enclosed in a metal box, so the design of the monitor was
focused on making sure none of the connectors were too close to the box because this would create
arching and voltage breakdown. For easy manufacturing, one side of the box was chosen as input
while the opposite side as the output where the four-needle electrode was connected. The other

26
two sides were drilled for the BNC female connectors to the oscilloscope. The V-I monitor consists
of a resistive voltage divider circuit with a divider ratio of 1000:1 and a Pearson current probe with
an output of 1volt per amp. A simple voltage divider circuit gives an output voltage that is a
fraction of the input voltage. As shown in the circuit diagram below, a block containing two 50kΩ
caddock resistors were connected in parallel to make a 25kΩ resistor, and the other block
consisting of two 50Ω resistors were connected in parallel to make a 25Ω resistor. These two
blocks were connected in series, and on the application of an input voltage, the output voltage was
measured across the 25Ω resistor, shown in Figure 6. This works based on the principle of ohms
law.
Vout = I ∗ R = Vin (R

R2

1 +R2

)

Figure 6: Circuit Diagram of V-I Monitor.

(4)
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Both voltage and current were recorded with the digital oscilloscope using the autosave
function to obtain a fast recording of the pulses. The ratio of the voltage and current provided
information on the temporal change in impedance of the sample in real-time. After the treatment,
the electrode was switched back to the NA for the third impedance measurement. The
measurement was taken 3-6 seconds after the last pulse. Impedance was measured at a frequency
range of 100kHz to 30MHz. In this study, the electrical impedance (Z) of russet potatoes and 4T1luc breast tumors was conducted and the variations in Z(ω), tetha (ω), resistance R(ω), reactance
X(ω), conductivity σ (ω), capacitance C(ω), and relative permittivity (εr ), over the frequency
range were studied.
3.6

SAMPLE COLLECTION AND PREPARATION
One of the materials studied was the Russet potato purchased from Walmart. They were

stored at room temperature (20C) and relative air humidity (50-60%). Slices having a thickness of
approximately 1.5cm were cut from the tubers of a potato and placed in a container of a water at
room temperature, to keep all the samples under the same condition. Before treatment, each slice
was taken out of the water and dampened using Kimwipes.
The other material studied is the breast cancer model. Female BALBc mice were purchased
from Jackson Laboratory (Bar Harbor, ME, USA). The mice were injected with cell line 4T1-luc
on the left flank to produce the tumors. The size of the tumor was monitored until it reached the
criterion required. All experiments were conducted in accordance with relevant guidelines and
regulations.
3.7

DATA COLLECTION
A custom made voltage-current monitor was inserted between the electrode and the high

voltage pulse power supply for monitoring the voltage and the current supplied to the samples.
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The V-I monitor was connected to a high-speed digital oscilloscope that autosaved the waveforms.
The voltage and current waveforms were collected and imported into MATLAB where algorithms
were written to process the data. The same applied to measurements done by the network analyzer;
data was collected and processed using MATLAB. The algorithm determined the impedance
change, permittivity, and conductivity after each treatment.
3.8

DIELECTRIC CONSTANT MEASUREMENT
All samples were analyzed using the network analyzer (E5071C ENA Series, Agilent

Technologies) and the oscilloscope (LeCroy waveRunner 64Xi, 600MHz 10GS/s). The analyzer
measured reactance X (ohms) and resistance R (Ohms) at frequencies between 0.1 to 30MHz. The
experimental capacitance C and resistance R data were converted to relative permittivity ε’ and
conductivity σ’ (S.m-1) over the given frequency ω according to
ε′ω =

Cω ∗K
ε0

k

σ′ω = R

ω

(5)

(6)

The conductivity σ′ω reflects the properties of the tissue. The frequency dependent relationship
between the impedance (z), conductivity (σ’ω), and relative permittivity (ε’ω) can be given by the
expression
Z = Z ′ + jωZ ′′ = 1⁄(σ + jωε ε )
0 r

(7)

where Z, Z’ and Z’’ is the total impedance, real and imaginary component of Z respectively, ω is
the radial frequency and ε0 is the permittivity of free space (8.854 . 10-12 F . m-1). K is the cell
constant which reflects the geometry of the electrode. Different tissues have different electrical
properties determined by the distribution of ions around the membrane. The conductivity is related
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to the conduction current Ic developed due to the movement of ions in the intracellular space of
the cell while the permittivity is related to the extent to which the bound charges Id are polarized
under the influence of the external electric field. These bound charges include the electrical ions
on the membrane surface and polar molecules [86]. Tissue conductivity is calculated from the real
parts of the tissue impedance measurement and the capacitance, and permittivity is calculated from
the imaginary part.
3.9

SYSTEM CHARACTERIZATION
To ensure the accuracy of the measurements taken from the network analyzer and the V-I

monitor, the characterization of the system is required. First, to characterize the NA, calibration
had to be done at the needles of the electrode, as shown in Figure 7. A connector was made to
connect the electrode to the open, short and load calibration kit of the NA. This will eliminate
every additional impedance that the system (including the electrode system, the V-I monitor, and
NA cable) might offer so that the impedance measurements taken will be that of just the sample.
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Figure 7: System Calibration at the Needles of the Electrode.

Secondly, to ensure the accuracy of the voltage-current measurement from the V-I monitor,
the V-I monitor was connected directly to the NA, and the forward complex transmission
coefficient S21 was measured to show the attenuation offered by the voltage divider circuit. Also,
a standard Tektronix probe with the same expected attenuation was used alongside the V-I monitor
to monitor the voltage to see if the waveforms match.
S21 =

Transmitted
Incident

Vin

dB = 20log (Vout)
Expected attenuation = 60dB

(8)

(9)
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Thirdly, the cell constant K reflects the geometry of the electrode. It is assumed in theory
that an electrode, at a given temperature, will have a specific K value, but in reality, the value may
vary slightly. The variation may be due to the measured conductivity of the liquid, temperature,
electrode polarization, occurrence of current paths spreading out of the electrode, the measuring
frequency, and many other factors [87]. The recommended method for determining the value of K
is based on the measurement of the resistance of a standard solution [88]. According to equation
11, the resistance (ohms) is divided by the standard known resistivity (ohms meter) to obtain K.
R=ρ

K=

L

(10)

A

Rω

(11)

ρω

To get constant K, sodium chloride (NaCl) solutions of different concentrations and known
resistivity are used. The NaCl salt samples were measured using a high precision weighing
balance. NaCl solutions with concentrations of 1%, 5%, 15%, 20%, were carefully prepared. These
different concentrations were chosen because they have known standard resistivity values as
obtained from the CRC Handbook of Chemistry and Physics, 91st edition. The concentration in
mass percent was converted to Molar concentration using equation 12:
1mol NaCl

1

Molar Conc (M) = %g of NaCl ∗ weight of NaCl(g) ∗ Vol of NaCl(L)

(12)

The weight of the NaCl salt used is 58.58g and a volume of 0.1L was made. Salt of 0.2g, 1g, 3g,
4g were carefully measured using the weighing balance and dissolved in distilled water to make
0.1L of NaCl solution. The different solutions were poured in a beaker and the rectangular (5 x
7mm) measuring cavity of the four needle electrode is placed in the solution. The measuring cavity
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was 5mm deep in the solution as the needles were partially covered with polytetrafluoroethylene
tubes. The impedance was measured using the network analyzer.
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CHAPTER 4

RESULTS

4.1

SYSTEM CHARACTERIZATION
Calibration of the network analyzer was first performed to ensure the correctness of the

measurements. Open, short and load calibration was done at the electrode needle and Figure 8
shows the measurements taken. Figure 8(a) represents the resistance and reactance after calibration
of the system with no load at the electrode. It shows there is no reflection or impedance in the
system. Figure 8(b) shows the resistance and reactance of the system with a 50ohm load at the
electrode before calibration and after calibration. It is seen that before calibration, the measurement
was inaccurate and varied over the different frequencies, but after calibration was done, it became
constant, showing the exact resistance of 50ohms.
To ensure that the voltage divider circuit in the V-I monitor gave the appropriate output,
the attenuation was measured using the NA. From equation 9, the expected attenuation is 60dB.
This was confirmed from the S21 measurement done across the voltage divider circuit.
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Figure 8: Characterization of the System Using a Network Analyzer.

As shown in Figure 9, the measured attenuation of 60dB matches our calculated value.
Also, a voltage differential Tektronics probe is used together with the V-I monitor to measure the
voltage applied to loads of different resistance (50ohm, 100ohm, and gel). The V-I monitor and
the probe both gave similar waveforms shown in Figure 10.
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Figure 9: System Characterization of V-I Monitor.

Figure 10: Graphs Showing Voltage Measurements Using V-I Monitor and Standard Probe.
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To monitor the current applied to the samples, a Pearson current probe was used, with the
high voltage line passing the core of the probe. The voltage and current measurements were used
to calculate the resistance according to ohms law, and the resistance was calculated to be 52Ω for
the 50Ω load and 103.5Ω for the 100Ω load.
The cell constant K reflects the geometry of the electrode. It depends on the current path
which is affected by the geometry and volume of the sample. It has a unit of cm−1 . The impedance
measurement is shown in Figure 11 below. The measurement shows that the resistance of the NaCl
solution reduced with an increase in concentration. The more NaCl salt was added to the distilled
water, the more electrolytes existed, which caused the solution to be more conductive. The
resistance of each concentration is seen to be somewhat constant over the frequency range, proving
that NaCl is purely resistive and is independent of signal frequency. Also, the reactance of the
different concentrations of NaCl solution did not change significantly, showing that the solutions
do not have a capacitive ability. The impedance at low frequency did not have a high steep, this is
due to the absence of the dielectric barrier exhibited by the membrane of the tissue cells. The
needles were cleaned after every measurement by rinsing with distilled water.
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Figure 11: Impedance Measurements (Resistance R and Reactance X) of Different Concentrations
of Sodium Chloride (NaCl) Solution.
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Table 1: Electrical Resistivity of NaCl Aqueous Solutions.
Percentage

Molar

Amount of

Resistivity

Resistance

Cell

Mass

Concentration

NaCl salt

(Ω.cm)

(Ω)

Constant K

(M)

(g)

1%

0.1707

0.2

62.5

52.9

0.8464

5%

0.8535

1

14.27

12.2

0.85494

15%

2.5606

3

5.85

5

0.854701

20%

3.4141

4

4.9

4.1

0.836735

(cm-1)

Measurements were carried out at room temperature (~ 200C). The resistance measured
was divided by the known standard resistivity of the solutions to obtain the cell constant K of the
electrode. The calculated values of K slightly varied by about ±0.02cm; therefore, an average value
of K= 0.8453cm−1 was used in this study. Table 1 shows the measurements taken for the different
concentrations.
4.2

TISSUE IMPEDANCE
Biological cells and tissues have a cell membrane that separates the intracellular from the

extracellular environment. This makes the tissue structure exhibit two electrically conducting
compartments – intracellular compartment and extracellular compartment. The conduction of
electric current across the cell is inhibited by the membrane acting as a resistance to the flow. This
opposition is frequency dependent; therefore, the impedance spectrum of the tissue is obtained
over a frequency range of 100kHz to 30MHz, reflecting the properties of the tissue. When a high
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pulsed electric field is applied across the membrane, the membrane is permeabilized as a result of
the dielectric breakdown of the membrane.
The impedance variation Z of the potato tissue with an increasing number of pulse and
applied voltage is shown in Figure 12 below at frequency range 100k – 30MHz. A zoomed in view
at a frequency of 100k -1MHz is added to show the trend of impedance change with pulse number
and voltage. A steep increase is observed at a lower frequency which is typical for tissues whose
cells are interconnected [89]. The membrane of the cell is composed of an electrically non
conducting lipid bilayer between two conducting protein layers, hence acting as an ultrathin
capacitor surrounding the intracellular environment. On the application of the electric field, at low
frequencies, the membrane is very resistive and low electric current will travel in the extracellular
space surrounding the membrane [90]. At high frequencies, the resistance drops, and the
impedance approaches zero, allowing the electric field to pass through the cell or tissue more
uniformly. As the frequency increases, the membrane behaves as a capacitor, appearing as a short
circuit.
Z = Z’ + Z’’
Z’’ =

1
2πfC

(13)
(14)

When the resistance is high, the capacitive property is low, but when the resistance drops, the
tissue becomes more capacitive. This property is observed in the potato tissue as seen in Figure
12. Up to 80 pulses were applied to the tissue. The tissue impedance was compared with that
without pulses. The resistance is seen to reduce with the increasing number of pulses applied
whereas the reactance increased.
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Figure 12: Impedance Measurement of Potato Tissue Over the Frequency Range at 1kV.

There was little to no difference between the impedance of tissues with a single pulse
treatment and the no treatment group, signifying that a single pulse was not enough to cause
substantial damage to the membrane. Also, different electric potentials were applied to the tissue
– 1kV, 3kV, and 5kV – but only results for 1kV are shown here. With an increase in voltage, the
resistance is seen to reduce (Figure 12a) and the reactance increases, approaching zero (Figure
12b). It is important to note that only results at frequency of 100kHz were used in this study due
to the large scattering of data observed at lower frequencies [91].
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The impedance measurements of the NA were compared to the voltage-current
measurements of the oscilloscope. As shown in Figure 13b, the resistance calculated from the
voltage-current waveform shows that the resistance drops with an increase in pulse number and
applied voltage but after about 30pulses, no decrease is seen, signifying that the measurement
using the voltage-current is not so accurate in monitoring the impedance of tissues.
The V-I monitor is not able to measure impedance effectively at a voltage too high. The
inaccuracies from the calculated impedance in past experiments show that the V-I monitor
performs best at lower voltages. The safe tested range is 300V to 1.5kV. The NA measurement,
on the other hand, showed a decrease in impedance over the 80pulses (Figure 13a), and it is seen
that the higher the voltage applied, the more the impedance drops. Also, the area ablated by the
applied electric field at 4hours and 10hours before and after 80pulses is shown in Figure 13c.
The control group with no pulses applied showed no ablation area. As shown for 1kV, the lesions
are seen in the areas close to the insertion points of the electrodes. With 3kV, the lesion begins to
extend to areas around the electrode and towards the center of the tissue. Also, at 5kV, more
lesion is induced.

10hours

4hours
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Figure 13: Impedance Trend and Ablation Area of Potato Tissue with Increasing Pulse Number
and Electric Field.
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No significant ablation was achieved with 1kV, and this correlates with the resistance
measurement in Figure 13(a) which shows that there was only a little decrease in resistance after
applying 1kV. Larger ablation size is seen with higher applied voltage. 10hours after treatment,
the ablated area is more obvious due to more cell death overtime from the stress caused by the
applied field. A minimum of seven repeats were done for each group, and Figure 13d, e, f, shows
the variations in the results obtained from the NA. 1kV shows larger error bars compared to 3kV
and 5kV (Figure 13d, e, f), further proving that no significant effect was caused to the tissue at
1kV. 1kV, 3kV, and 5Kv has a p value of 3.7405e-05, 1.1383e-21, and 2.4097e-22 respectively.
The variations in the results obtained from the V-I monitor are shown in the appendix.
The correlation between the ablated area and the impedance drop is shown in Table 2.
Resistance was measured immediately after application of 80 pulses. The length of the ablated
area was measured parallel to the 5mm space between the two anode electrodes, and the width was
measured parallel to the 7mm space between the anode and cathode electrodes. The area of the
region ablated was also measured. These measurements were taken four hours and ten hours after
treatment. The length, width, and area of the ablated region increased with an increase in applied
voltage. Comparing the results taken at four hours and those at ten hours, the size at ten hours was
about twice the size at four hours due to the stress caused by the applied voltage, causing more
cells to die over time. Also, as the size of the ablated area increased, the resistance is seen to drop.
The relationship between the resistance drop and the increase in ablated area was more of an
exponential function than a linear one.
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Table 2: Correlation of Ablated Area of Tissue with the Impedance Drop.
4 Hours

10 Hours

Groups

Resistance

Length

Width

Area

Length

Width

Area

Ctrl

266.1819

0

0

0

0

0

0

1kV

226.4592

3.2831

1.7501

4.3415

9.1816

10.5053

65.7433

3kV

188.9919

5.04725

2.2046

9.6210

9.4310

12.4363

84.6696

5kV

185.9558

7.858333

7.9850

32.9753

12.1223

15.8363 144.2730

The conductivity of all the samples was measured and compared to the conductivity after
pulsing. The change in conductivity was obtained from the initial conductivity before pulsing σ0
and conductivity after pulsing σN from equation 15.
∆σN =

σN −σ0
σ0

(15)

Figure 14 shows the conductivity change ∆σN in the potato tissue at different applied
electric potential and a different number of pulses. At the application of a single pulse, the change
in conductivity is negligible; no significant change is observed over the different applied voltage.
It is also observed that the conductivity did not change with increasing voltage, showing that little
effect in electroporating the tissue was achieved with a single pulse. At 10 pulses, an increase in
conductivity is seen, and the conductivity change increased with increasing applied voltage. A
more significant change is seen with 80 pulses.
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Figure 14: Conductivity of Potato Tissue After Application of Electric Field.

Treatments were done on breast tumors. 1000 to 1200, 100ns pulses 10KV were applied at
a repetition frequency of 3Hz. A similar phenomenon as in the potato measurement was observed;
a high steep in impedance is observed at lower frequencies, and as the frequency increased, the
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impedance dropped drastically (Figure 15). Impedance measurement from the NA is shown in (a)
and (b). Both cases of 1000pulses and 1200 pulses show a decrease in the resistance, but more
decrease is seen with the higher number of pulses. Also, because the 1200pulses took a longer
duration of application, the resistance is seen to drop more than for 1000pulses. As with the
reactance, with a higher applied number of pulses, the reactance increased, making the tissue more
capacitive.
According to the voltage and current measurement, the resistance is seen to decrease with
an increasing number of pulses, supporting the impedance measurements done above. A
percentage decrease of about 12.78% for 1000pulses and 22.3% for 1200pulses was obtained.

a

b

Figure 15: Impedance of Breast Tumor Before and After Application of 10kV 1000Pulses and
1200pulses.
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CHAPTER 5

CONCLUSION

Electroporation is caused by the application of an external electric field to cells which
induces a transmembrane voltage, charging the membrane like a capacitor. The transmembrane
voltage induced results from the rearrangement of the lipid heads and the adjacent water molecule
tails and the redistribution of the charges and ions on both sides of the bilayer. This causes the
formation of pores which are formed randomly at different locations and different sizes due to the
thermodynamics of the phospholipid molecules. When the radius exceeds a critical value (0.3 to
0.5nm), the activation barrier is exceeded and forms an aqueous pore which is how electroporation
is initiated. At a maximum critical level of r, irreversible rupture of the membrane occurs known
as irreversible electroporation. The resealing of the pores is so slow that the nanopores become
permanent resulting in death due to the cell's inability to maintain homeostasis and eventual
degradation of the cell. Some of the factors to consider are the duration of exposure to an external
electric field, the size and orientation of the cell with respect to the electric field, the type of the
cell exposed (cells with a wall such as plants and fungi will require extra induced voltage for
poration), and the properties of the medium surrounding the cells. The nature of the electric field
can vary by changing the frequency, amplitude, number of electrodes, number of pulses, and
duration of the pulse.
The structural integrity of tissue can be determined by the tissue's electrical impedance.
The impedance spectrum of tissue is measured over a range of frequency points within a specific
frequency band, and it gives information about the characteristics and integrity of the tissue or cell.
Measurement of both the real Z’ (resistance) and imaginary Z’’ (capacitive reactance) part of the
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electrical impedance can be used to investigate the efficacy and damage to the cell membrane. In
this study, potato tissues and breast tumors were studied. The impedance was measured over
frequencies between 0.1 to 30MHz. The experimental capacitance C and resistance R data were
converted to relative permittivity ε’ and conductivity σ’ (S.m-1) over the given frequency. The
conductivity is related to the conduction current Ic developed due to the movement of ions in the
intracellular space of the cell while the permittivity is related to the extent to which the bound
charges Id are polarized under the influence of the external electric field. However, before
measurements were taken, the system was characterized to ensure the accuracy of the results.
Pulse parameters of duration 100ns, frequency 3Hz, pulse number 1000 and pulsed electric
field between 1kV - 10kV were applied to the tissues and the impedance was measured over a
frequency range. On the application of the electric field, a steep increase was observed at low
frequencies; the membrane was very resistive and a low electric current traveled in the extracellular
space surrounding the membrane [90]. At high frequencies, the resistance dropped, and the
impedance approached zero, allowing the electric field to pass through the cell or tissue more
uniformly. Also, the resistance was seen to decrease with the increasing number of pulses and
applied voltage while the reactance increased. There was little to no difference between the
impedance of tissues with a single pulse treatment and the no treatment group, signifying that a
single pulse was not enough to cause substantial damage to the membrane. The potato tissues had
an average percentage decrease of 44.4% after 80 pulses while the breast tumors had a decrease of
12.78% for 1000pulses and 22.27% for 1200pulses.
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APPENDIX

STATISTICAL ANALYSIS

p value = 0.0579

a

p value = 3.4913e-08

b

p value = 5.6611e-09

c
Figure 16: Resistance Trend Obtained from V-I Monitor. (a) at 1kV, a wide range of variation is
observed, showing no significant drop in resistance. (b) 3kV and (c) 5kV shows less variation. The
p values for 1kV, 3kV, and 5kV are 0.0579, 3.4913e-08, and 5.6611e-09 respectively.
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p value = 3.788e-01

a

p value = 2.759e-01

b
Figure 17: Variation in the Resistance and Reactance of Tumor Tissue Measured Before,
After 1000pulses and After 1200 Pulses.
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